Background: Oropharyngeal cancers associated with high-risk type human papillomavirus (HR-HPV) infection have better prognosis than virus negative cancers. Similarly, the HPV status in laryngeal cancer (LC) may be associated with better outcome. Methods: Samples from 88 patients with LC were investigated using the polymerase chain reaction (PCR) and p16 immunohistochemistry for HR-HPV analysis. The cut-off point for p16 overexpression was diffuse (≥75%) tumor expression with at least moderate (+ 2/3) staining intensity.
Background
High-risk human papillomavirus (HR-HPV) infection has become an increasingly common cause of oropharyngeal squamous cell carcinoma (OPSCC) [1, 2] . HPV-mediated OPSCC is fairly responsive to chemoradiotherapy and has a better prognosis than HPV-unrelated OPSCC [3] . A systematic review showed that HR-HPV infection was observed in several other head and neck cancers [4] .
Approximately 30% of patients with laryngeal cancer (LC) are considered to harbor HR-HPV. In a recent report, the prognosis of patients with cancer involving the oral cavity, epipharynx, and larynx was not influenced by HPV infection [5] . On the contrary, another study with a large number of patients from the United States National Cancer Database clearly showed that, among patients with cancer involving the oral cavity, hypopharynx, and larynx, those with HPV infection had a significantly better prognosis [6] . Thus, there are inconsistencies regarding disease prognosis in view of HPV infection in patients with head and neck cancer, except for OPSCC.
We previously demonstrated that both HPV DNApositive status and p16 overexpression are useful for detecting transcriptionally active HPV infection in head and neck cancer [7] . HPV infection is commonly observed in the head and neck region, but some patients with HPV infection in this region do not overexpress p16, even in OPSCC [8, 9] . Although the rates of HPV infection vary in different head and neck regions, these patients usually harbor a small viral load. The clinical practice guidelines of the American Society of Clinical Oncology recommend that pathologists should not examine HR-HPV status routinely, except for squamous cell carcinoma of the oropharynx [10] . Similarly, p16 expression varies among head and neck regions [7, 11] . Different patterns of nuclear and cytoplasmic staining of p16 protein may also become an independent indicator of survival outside of the oropharynx [12] . Previous systematic reviews of HPV infection in LC have used inconsistent methodologies to determine HPV infection [13, 14] . Further research is required to understand the prognostic consequence of p16 overexpression and HR-HPV infection outside of the oropharynx [15] . The 8th edition of the American Joint Committee on Cancer (AJCC) Staging Manual adopted p16 immunohistochemistry findings as a surrogate marker for transcriptionally active HPV infection [16, 17] . The cutoff point for p16 overexpression is diffuse (≥75%) tumor expression, with at least moderate (+ 2/3) staining intensity. However, it remains unclear whether these criteria could be adapted for other head and neck cancers. In addition, the use of fresh frozen samples is recommended for the detection of HPV mRNA compared with routine HPV DNA detection, which uses formalin-fixed, paraffin-embedded (FFPE) samples [18] .
The aim of this study was to clarify the rates and clinical characteristics of LC with transcriptionally active HPV infection diagnosed by HPV-DNA testing and p16 immunohistochemistry.
Methods

Subjects
This study involved 88 treatment-naïve LC patients without distant metastasis. All patients were diagnosed with laryngeal squamous cell carcinoma by pathological examination of samples and were treated at the Department of Otorhinolaryngology, Head and Neck Surgery, University of the Ryukyus, between January 2008 and December 2017. The final prognosis of patients was judged in July 2018. Classification of the tumor, node, metastasis (TNM) stage was carried out according to the AJCC Staging Manual (7th edition). To determine the clinical stage and to detect concomitant multiple primary cancers, the patients underwent physical and endoscopic examinations of the upper gastrointestinal tract, ultrasonic inspection of the neck, computed tomography (CT), and 18 F-fluorodeoxyglucose-positron emission tomography CT imaging.
This study was approved by the Institutional Review Board of the University of the Ryukyus and was carried out in accordance with the 1975 Declaration of Helsinki, as revised in 2008. Informed consent was obtained from all LC patients before enrollment.
Treatment
The principal treatment for the primary lesion with curative intent was conventional radiotherapy (RT) alone or laser resection in T1, concurrent chemoradiotherapy (CCRT) in T2, CCRT or surgery in T3, and surgery in T4, regardless of the presence of HPV. Nodal lesions were managed with CCRT or neck dissection combined with resection of the primary lesion. All patients who received RT (total dose, 70 Gy) had CT-assisted three-dimensional radiation treatment planning in the treatment position with mask immobilization. The protocol for CCRT was as reported previously [19] . When the primary tumor in T3 failed to show a partial response regardless of the neck lymph node response at 39.6 Gy irradiation, the patients underwent curative surgery for the primary lesion combined with neck dissection.
Detection of HPV status and p16 immunohistochemistry
All tissue samples from primary lesions without any radiation or chemotherapy were analyzed with the polymerase chain reaction (PCR) for HPV DNA detection using fresh frozen samples, which were obtained at biopsy or surgical resection, and p16 immunohistochemistry using FFPE samples. Cases with negative HPV detection results on PCR and p16 overexpression (≥75% positive cells and at least moderate staining intensity) were further evaluated for HPV status using in situ hybridization (ISH) with HPV DNA probes (DNA ISH) [16] . Quantitative real-time PCR (qPCR) for viral load and physical status, as described below, was carried out in cases harboring HPV-16 [20, 21] .
PCR for HPV DNA detection
In brief, DNA was isolated from the tumor samples using a Gentra Puregene Tissue Kit (QIAGEN, Germantown, MD). The presence and integrity of DNA were verified in all samples by PCR β-globin gene amplification using the primers PC04 and GH20 [22] . The general consensus primer sets GP5+/GP6+ and MY09/MY11 were used to analyze the presence of HPV DNA by PCR (Table 1) as described previously [8, 16] . In addition, DNA samples negative for GP5+/GP6+ or MY09/MY11 PCR were re-amplified using a nested PCR approach with the GP5+/GP6+ primer pair. PCR products of the expected size (GP5+/GP6+, 150 bp; MY09/MY11, 450 bp) were purified and sequenced directly with an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA). The sequences were aligned and compared using the BLAST program with those of known HPV types in the GenBank database.
p16 immunohistochemistry
Immunohistochemistry for p16 was performed using a CINTec® p16 Histology Kit (MTM Laboratories; Roche Applied Sciences, Penzberg, Germany) according to the manufacturer's protocol [7] . Immunolabeling was visualized by incubation in 3,3′-diaminobenzidine and stained slides were counterstained with hematoxylin.
The scoring criteria for p16 immunoreactivity used in the present study were as follows: 0, no staining; 1, 1 -< 25% of the tumor cells positive for p16; 2, 25 -< 50% positive; 3, 50 -< 75% positive; 4, ≥75% positive and weak staining intensity; and 5, ≥75% positive and at least moderate staining intensity. The term "p16 overexpression" (p16-positive) was defined as a score of 5 in the present study.
ISH with HPV DNA probes
Biotinyl tyramide-based ISH was performed using the GenPoint™ HPV biotinylated DNA probe and the GenPoint tyramide signal amplification system for biotinylated probes according to the manufacturer's protocol (Dako; Agilent Technologies, Inc., Santa Clara, CA). The GenPoint HPV biotinylated DNA probe reacts with HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68 in 4-μm-thick sections of FFPE samples. Detection of the hybridized probe was performed using the GenPoint detection system according to the manufacturer's protocol, with the included primary streptavidin-horseradish peroxidase (HRP), biotinyl tyramide, secondary streptavidin-HRP, and 3,3′-diaminobenzidine l (Dako; Agilent Technologies). The slides were counterstained with hematoxylin.
Estimation of viral load and physical status of HPV-16 by qPCR
To evaluate the viral load and physical status of HPV-16, qPCR was performed as described previously [8, 20] . Briefly, primers and TaqMan probes targeting the HPV-16 E2 and E6 open reading frames were used ( Table 1 ). The primers and probes recognize the E2 hinge region, which is deleted on HPV-16 integration. Two standard curves for the E2 and E6 genes were created by amplification of 10-fold serial dilutions (10 1 , 10 2 , 10 3 , 10 4 , 10 5 , and 10 6 viral copies) of the pB-actin early plasmid, which was a gift from Karl Munger, carrying the complete HPV-16 early gene region (Addgene plasmid # 13711; Addgene, Cambridge, MA). Viral DNA load was assessed by calculating E6 copy number. An external standard curve was created using known serial dilutions (0.3, 3, 30, and 300 ng) of human genomic placental DNA (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for cellular DNA quantification, and β-globin was amplified as described previously. The amount of DNA was calculated by plotting the Cq values against the logarithm of the standard curve. The physical status of HPV-16 was assessed based on a previously published method [8, 21] . An E2/E6 ratio ≥ 1 indicates the predominance of the episomal form, whereas a ratio of E2 copy number/total E6 < 1 indicates the presence of both integrated and episomal forms (mixed form).
Detection of E6 mRNA expression by qPCR and RNA ISH in HPV-16-positive patients with p16 overexpression E6 mRNA expression was detected in samples from patients identified as HPV-16-positive with p16 overexpression. Total RNA was extracted from frozen tissues using RNAiso Plus (Takara Bio, Kusatu, Japan) according to the manufacturer's instructions. Total RNA (500 ng) was used to synthesize first strand cDNA using a PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time; Takara Bio) according to the manufacturer's instructions. To measure HPV-16 E6 mRNA expression, qPCR was performed using the CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, [8, 20] . The β-actin probe was labeled with FAM at the 5′-end and with TAMRA at the 3′-end (Applied Biosystems Japan, Tokyo, Japan). The amplification conditions were: 2 min at 50°C, 10 min at 95°C, and a 2-step cycle of 95°C for 15 s and 60°C for 60 s for a total of 40 cycles. Two standard curves were generated for the E6 and β-actin genes by amplification of serial 10-fold dilutions (
, and 10 6 copies) of the pB-actin early plasmid and the pCAG-mGFP-actin plasmid, which was a gift from Ryohei Yasuda, carrying the complete coding region of β-actin (Addgene plasmid # 21948; Addgene). The expression of the E6 gene in each sample was normalized by the amount of the internal control β-actin.
RNA ISH for HPV-16/− 18 E6/E7 mRNA was performed using an RNAscope® 2.5 HD Reagent Kit (Advanced Cell Diagnostics, Newark, CA) according to the manufacturer's instructions. In brief, serial 4-μm thick sections of FFPE samples were deparaffinized in xylene and rehydrated using a graded alcohol series. Endogenous peroxidase was blocked with the RNAscope® Hydrogen Peroxide Reagent at room temperature for 10 min. Target HPV RNA retrieval was performed in RNAscope® Target Retrieval Reagent at 100°C for 15 min. The slides were digested with RNAscope® Protease Plus at 40°C for 30 min. The HPV-16/− 18 E6/E7 RNA probe (RNAscope® Probe-HPV16/18) was added to the sections and a coverslip was applied. The slides were transferred to a humidified chamber for hybridization at 40°C for 2 h. Then, the coverslips were removed and the slides were washed with RNAscope® Wash Buffer Reagent at 40°C. Signal amplification was performed according to the manufacturer's instructions. Detection of the hybridized probe was performed using 3,3′-diaminobenzidine (RNAscope® 2.5 HD Reagent Kit). The slides were counterstained with hematoxylin. Positive control slides (HeLa cells expressing HPV-18 E6/E7 mRNA) were included in RNA ISH. Positive staining was identified as brown punctate dots seen in the nucleus and/or cytoplasm.
Statistical analysis
Pearson's chi-square test was used to compare the characteristics of LC patients according to HPV DNA and p16 overexpression status. Cumulative survival (CS) was calculated using the Kaplan-Meier method and was compared between two groups using the log-rank test. All analyses were performed with SPSS Statistical Package (SPSS, Version 25.0; SPSS, IBM Corp., Armonk, NY). P < 0.05 was considered significant.
Results
Characteristics and CS of LC patients according to HPV status
Of the 88 patients with LC, there were 16 (18.2%) HR-HPV-positive cases, 2 (2.3%) low-risk type HPV (HPV-6)-positive cases, and 5 (5.7%) p16-positive cases. All p16-positive cases harbored HR-HPV DNA. The patients were divided into four groups according to the presence of HR-HPV DNA and p16 overexpression as follows: HR-HPV-positive/p16-positive (n = 5, 5.7%), HR-HPV-positive/p16-negative (n = 11, 12.5%), HR-HPV-negative/p16-positive (n = 0, 0%), and HR-HPV-negative/p16-negative (n = 72, 81.8%). The clinical characteristics of the patients are summarized in Table 2 . The median and mean follow-up period of patients who received treatment and remained alive was 55 and 42 months, respectively. The 5-year CS rate was 80.7% in all patients with LC, 100% in HR-HPV-positive/p16-positive patients, 81.8% in HR-HPV-positive/p16-negative patients, and 79.5% in HR-HPV-negative/p16-negative patients ( Fig. 1 and Table 2 ). There was no significant difference in CS between HPV-positive and -negative cases and between p16-positive and -negative cases. There were also no significant differences in sex, age, T category, N category, tumor subsite, clinical stage, smoking and alcohol consumption, and primary treatment among the three groups.
Regarding the types of HR-HPV in the present study, 13 patients had HPV-16 and 1 patient had HPV-33. For the remaining 2 cases, the HPV type was indeterminate, because of HPV-positive results on DNA ISH despite negative PCR results. Only 5 of the 16 HR-HPV-positive LC cases showed p16 overexpression. The case with HPV-33 did not show p16 overexpression. Of the 13 HPV-16-positive cases, 7 were successfully analyzed to determine physical status and viral load. These cases had 0.3-7.7 × 10 4 copies/ng genomic DNA and all samples showed complete to mixed integration. The viral load in HPV-16-positive/p16-positive cases (3 cases) was 58.4-7.7 × 10 4 copies/ng genomic DNA, while HPV-16-positive/p16-negative cases (4 cases) had 0.3-2.1 copies/ng genomic DNA (Table 3) . Although statistical analysis could not be performed because of the small number of cases, there was a large difference in viral load between the two groups. E6 mRNA and E6/E7 expression using qPCR and RNA ISH, respectively, were successfully investigated in 1 case in the HR-HPV-positive/p16-positive group (Fig. 2 ). There were insufficient samples to analyze E6 mRNA expression in the other cases in the HR-HPV-positive/p16-positive group.
Of the 88 cases with LC, 7 showed p16 immunoreactivity to some degree; 5 with a score of 5 (≥75% p16-positive and at least moderate staining intensity), 1 with a score of 3 (50 ≤ p16-positive < 75), and 1 with a score of 1 (1 -< 25% of the tumor cells positive for p16). Thus, all 5 patients with a score of 5 harbored HPV DNA, while 2 cases with < 75% p16 expression had no HR-HPV infection.
Representative case of HPV-mediated LC Patient data
A 41-year-old man, with a smoking history of 40 pack years and alcohol drinking of 20 g/day, presented to a referral hospital with a 1-year history of hoarseness. Physical examination revealed a transglottic tumor located mainly in the supraglottic region; CT showed a transglottic mass with invasion of the thyroid cartilage and multiple swollen lymph nodes in the neck bilaterally ( Fig. 2a and b) . The transglottic lesion was confirmed as moderately differentiated squamous cell carcinoma on pathologic examination ( Fig. 2c and d) . Thus, the diagnosis was supraglottic cancer, stage cT4N2cM0.
Total laryngectomy combined with bilateral neck dissection was performed for the LC. Pathological examination of the resected specimen revealed pT4apN2c with thyroid cartilage invasion; the surgical margins were negative. Examination of the lymph nodes revealed metastasis to 6 lymph nodes in the left side of the neck (4 at level II and 2 at level III) and 1 (level II) in the right side of the neck. CCRT after surgery was carried out with 50.4 Gy irradiation to the entire neck, and 2 cycles of nedaplatin plus 5-fluorouracil as adjuvant therapy [19] . As of 7 years since the above treatment, the patient is alive without local recurrence or distant metastasis.
HPV infection, viral load, and integration status
The HPV viral load and physical status of this patient are shown as Case 1 in Table 3 . PCR for HPV DNA revealed the presence of HPV-16 infection (Fig. 2f ) . qPCR showed that the HPV-16 viral load was 77,735 copies/ng genomic DNA and the E2/E6 ratio was 0.11; thus, the HPV-16 integration status was judged to be mixed type. E6 mRNA expression was also detected with RT-PCR as well as RNA ISH (Fig. 2g) .
Immunohistochemical examination of p16 expression
Strong p16 expression was observed in metastatic lymph nodes (Fig. 2h) as well as the primary lesion (Fig. 2e) .
Discussion
There have been contradictory reports regarding the presence of HPV and p16 expression in LC [13, 14, 23] . Possible reasons for this discrepancy among studies may be because of differences in the definition of p16 expression, detection methods for HPV infection (ISH, PCR, etc.), and sample preparation methods for analysis (fresh frozen or FFPE samples) [7, 18, [23] [24] [25] . In the present study, 16 LC cases (18.2%) had HPV infection on PCR/ DNA ISH analysis using fresh frozen samples. In contrast, p16 overexpression was found in only 5 of 16 patients with HPV infection. Patients with a p16 expression score of 1 or 3 did not harbor HPV DNA based on p16 immunoreactivity in the present study. On the contrary, a p16 expression score of 5 (equal to p16 overexpression) was only observed in patients with high viral load and HPV-related oncogene mRNA expression. Thus, p16 overexpression may be used as a surrogate marker in LC, as in OPSCC, although the number of cases in the present study was limited. In this study, HPV DNA was detected only by ISH DNA, and not PCR, in 2 cases. PCR-based analysis is usually more effective for HPV detection and is cheaper than DNA ISH. There are several reasons for this outcome. One explanation is that breakpoints or deletions may have occurred in L1 at the time of HPV integration and HPV DNA only existed in the integrated form in the tumor. Another explanation is that it is difficult to obtain a sufficient amount of specimen for analysis before treatment in LC, because laryngeal cancer lesions are sometimes very small. Indeed, the clinical T stages in 2 cases were T1a and T1b, respectively (Table 3 ). In diagnosing HPV-mediated LC, the first step is p16 immunohistochemistry. When p16 overexpression is observed, then DNA ISH is carried out to confirm HPV infection using slides, similar to p16 immunohistochemistry. If available, PCR analysis is added to DNA ISH to determine the HR-HPV type.
A systematic review of 1668 LC patients [13] showed a prevalence of HR-HPV of 26.6%, and HPV-16 was the most frequently observed type with a prevalence 19.8%. In addition, Ndiaye et al. published a systematic review of 2739 LC cases, demonstrating that the prevalence of HR-HPV DNA was 22.1% and the prevalence of HPV-16 DNA was 13.4% [14] . The prevalence of HPV in the present study was consistent with that of these systematic reviews. However, an international cross-sectional study of 1042 LC cases using FFPE samples demonstrated that the HR-HPV positivity rate was only 5.6%, mRNA expression was 4.8%, and p16 expression (positivity in > 25% of tumor cells) was 5.6% [23] . Previous systematic reviews did not use a common definition of p16 positivity, and HPV DNA detection methods are inconsistent among studies. In the present study, we adopted an HPV analysis method previously used in OPSCC to analyze LC patients. According to the analysis of HPV DNA PCR and p16 expression in the present study, ≥75% positive cells and moderate staining intensity for p16 expression is a suitable condition for confirming HPV infection, which is similar to that of OPSCC. These cases also had high HPV-16 viral load, compared with cases with no p16 overexpression. Our results show that the prevalence of HPV-mediated LC was 5.7% in LC cases, consistent with previous studies [26, 27] .
Because the rate of HPV-mediated LC is much smaller than that of OPSCC, and LC cases with T1 and T2 usually have a fair treatment response and survival outcome, analysis of HPV infection in LC may be clinically relevant in patients with advanced disease who desire laryngeal preservation. In our series, CS in HPV-mediated LC was better than in other LC cases, but there was no significant difference in CS between HPV-mediated LC and non-HPV LC, likely because the number of HPV-mediated LC cases was limited. Although several studies refute the utility of HPV testing in LC, further study is needed to clarify survival outcome with the combination of HPV DNA detection and p16 overexpression. In previous studies in OPSCC, 3-4% of cases showed p16 overexpression without HPV infection and had a worse treatment response than cases with HPV-mediated OPSCC [9, 28] . Therefore, the combination of p16 overexpression and HPV DNA analysis is reliable for the detection of HPV-mediated LC.
Conclusions
Although the number of HPV-mediated LC cases is much smaller than that of OPSCC, several cases had carcinogenesis based on HPV infection. Survival outcome might be better for cases with HPV-mediated OPSCC; thus, the recruitment of large numbers of HPV-mediated LC cases is needed to outline definitive criteria for HPV-mediated LC. These results may contribute to developing a useful method for selecting patients with the potential for a fair response to treatment and to facilitate laryngeal preservation.
